ABSTRACT BbCK, AUGUST (Purdue University, Lafayette, Ind.), AND FREDERICK C. NEID-HARDT. Properties of a mutant of Escherichia coli with a temperature-sensitive fructose-1,6-diphosphate aldolase. J. Bacteriol. 92:470-476. 1966.-A mutant of Escherichia coli in which fructose-i , 6-diphosphate aldolase functions at 30 C but not at 40 C was used to study the physiological effect of a specific block in the Embden-Meyerhof glycolytic pathway. Growth of the mutant at 40 C was found to be inhibited by the presence of glucose or certain related compounds in the medium. At 40 C, glucose was metabolized at 30 to 40 % of the control rate and was abnormal in that glucose was converted into other six-carbon substances (probably gluconate, in large part) that were released into the culture medium. The inhibition was complete, but transient; its duration depended upon the initial amount of inhibitor added. The resumption of growth at 40 C was correlated with the further catabolism of the excreted compounds. When glycerol was used to grow the mutant at 40 C, the growth inhibition by glucose was accompanied by cessation of glycerol metabolism. Growth on a-glycerol phosphate was not inhibited under these conditions, implicating glycerol kinase as a possible site of inhibition; no inhibition of glycerol kinase by sugar phosphates, however, could be detected in vitro. The inhibitory effect of glucose on growth at 40 C is not caused by a deficit of intracellular adenosine triphosphate, but may be the result of a generalized poisoning of many cell processes by a greatly increased intracellular concentration of fructose-i ,6-diphosphate, the substrate of the damaged enzyme.
In the preceding paper (2) we reported the isolation of a mutant of Escherichia coli possessing a temperature-sensitive fructose-I , 6 -diphosphate aldolase. The mutant enzyme appears to function in vivo at 30 C but not at 40 C, and no activity can be detected in vitro at either temperature.
Initial experiments on the physiological consequences of damaged aldolase activity quickly revealed two unexpected properties of the mutant: (i) it can grow normally at 40 C in minimal media with glycerol or succinate as sole carbon and energy sources, whereas aldolase activity should be necessary for pentose synthesis from these substrates; and (ii) it fails to grow at 40 C in any medium containing even trace amounts of glucose or certain related compounds.
This paper reports an analysis of these consequences of a metabolic block in the EmbdenMeyerhof pathway. 1 On leave from the Department of Botany, University of Munich, Germany.
MATERIALS AND METHODS
Organisms. Two strains of E. coli were used in this study: K-10, a thiamine-requiring wild strain, and its derivative, h8, a mutant with a temperature-sensitive aldolase (2) . The media used have been described recently (7). Growth was measured by optical density (OD) in a spectrophotometer (model PMQ II; Carl Zeiss, Inc., New York, N. Y.) at 420 mu.
Preparation of acid-soluble cell fraction. The cells from 200 ml of rapidly chilled culture (OD, 1 .0) were collected by centrifugation and then suspended in 1 ml of 10% HCIO at 0 C. The mixture was carefully neutralized with approximately 0.85 ml of 2 N KOH. Immediately, 2 ml of 0.05 M glycine buffer (pH 7.4) was added [as suggested by Imsande and Prestidge (16) ], and the extract was clarified by centrifugation.
Portions of the supernatant fluid were analyzed at once for adenosine triphosphate (ATP) and sugar PHYSIOLOGY OF ALDOLASE MUTANT dase, and a chromogen. Glycerol was measured by colorimetric assay of the formaldehyde produced by periodate oxidation (20) . Reducing compounds were estimated by the phenol-sulfuric acid method (6) . The oxidation of C'4-labeled glucose was followed by methods described in the companion paper (2).
Glucose-6-phosphate and fructose-1, 6-diphosphate were measured by conventional enzymatic methods employing spectrophotometry: glucose-6-phosphate by glucose-6-phosphate dehydrogenase-mediated reduction of nicotinamide adenine dinucleotide phosphate (15); and fructose-1,6-diphosphate by an aldolase and glyceraldehyde-3-phosphate dehydrogenase-coupled reduction of nicotinamide adenine dinucleotide (19) , correcting for the presence of triose phosphate by the value obtained in the absence of aldolase. Enzymes used in these assays were obtained from the Sigma Chemical Co., St. Louis, Mo., as crystalline (NH4)2SO4 suspensions.
The ATP content of cells was determined by measuring the light-producing capacity of portions of the HC104 extracts with a crude firefly preparation (4). The reaction mixture contained, in a final volume of 3.0 ml: 0.1 rnl of 0.1 M MgSO4, 0.3 ml of crude firefly extract, and 2.3 ml of 0.025 M tris(hydroxymethyl)-aminomethane-H2SO4 (pH 7.5). The reaction was started by injecting 0.3 ml of the sample with a syringe. Light production was measured in a spectrophotometer (model DU; Beckman Instruments, Inc., Fullerton, Calif.). Total light-producing capacity was used to determine "apparent ATP"; the fraction sensitive to incubation with hexokinase, glucose, and MgCl2 was assumed to be "true ATP."
Glycerol kinase was measured by the method of Bublitz and Kennedy (3). B-Galactosidase was measured by the method of Herzenberg (14) .
REsuLrs
Inhibition of growth at 40 C by glucose. The mutant, h8, was originally isolated as a strain that could grow in a glucose-yeast extracttryptone medium at 30 C but not at 40 C. The lowest growth curve in Fig. 1 illustrates the inhibition of a culture of h8 in this medium when the temperature was raised from 30 to 40 C. The same figure shows the growth of a similar culture lacking glucose; growth was slightly faster at 30 C in the absence of glucose, and the growth accelerated at 40 C after a short transition lag. Addition of glucose (0.2%) to a third culture at the time of the temperature shift inhibited growth, but permitted an approximately 50% increase in OD.
The growth experiment reported in Fig. 2 demonstrated two characteristics of the growth inhibition caused by glucose at 40 C: (i) as little as 1 ,ug/ml of glucose suffices to inhibit growth of h8 at 40 C in a glycerol-containing minimal medium, and (ii) the duration of the inhibition is a function of the concentration of glucose added, 1 ,ug/ml being inhibitory for 20 min, 10 ,g/ml for 2.5 hr, and 100 ,ug/ml for 7 hr. In other experi- ments (not shown), the ability of 10 ,ug/ml of glucose to inhibit growth on glycerol quickly and totally for 2.5 hr was found to be unaffected by varying the glycerol concentration from 0.1 to 4.0%.
Inhibition ofgrowth at 40 C by other substances. The addition of fructose, galactose, gluconate, ribose, or lactose at a concentration of 0.2% to cultures of h8 growing on glycerol at 40 C resulted in an inhibition similar to that caused by glucose. In the case of fructose, the effect was immediate; the other compounds inhibited only after a short lag. The effect of lactose addition is shown in Fig. 3 . Samples of the culture were removed at intervals to be assayed for [-galactosidase activity. The results indicate that lactose became inhibitory to growth only after ,B-galactosidase had been formed.
Substrate metabolism during growth inhibition. To discover the cause of the growth inhibition, the disappearance of glycerol from the growth medium was measured in a culture of the mutant (growing on this substrate) shifted from 30 to 40 C; in a parallel culture, glucose (0.2%) was added at the time of the temperature shift, and samples of the medium were taken at intervals to be assayed for both glucose and glycerol (Fig. 4) . The control culture exhibited a normal rate of glycerol uptake at 40 C. In the experimental culture, glycerol uptake was totally abolished by the addition of glucose, and glucose was con- sumed at a rate of 1.6 to 2.0 mg per mg of protein per hr.
To study the fate of the glucose metabolized during the growth inhibition, the mutant was grown in glycerol minimal medium at 40 C, and 500 ,g/ml of glucose-l-C14 (0.07 Ac/ml) was added to the culture. Samples were removed at hourly intervals for the next 5 hr and assayed for radioactivity and for glucose by the Glucostat method; in addition, respiratory CO2 was trapped in a KOH-containing well, and its radioactivity was measured at hourly intervals (Fig. 5) . Glucose, as measured by Glucostat, disappeared rapidly from the medium within 3 hr. Over the same interval, however, only 5% of the radioactive label appeared in the respiratory C02; the remainder was recovered in the medium. I Properties of the excreted metabolite. To test the inhibitory capacity of the excreted metabolite(s), a portion of the medium from the culture described above (and shown in Fig. 5 ) was removed at a time when all of the radioactive glucose had been converted into the unknown compound(s). After removal of the cells by centrifugation, 0.5 ml of the medium (which originally had contained 500 ,ug/ml of glucose) was added to 20 ml of a culture of the mutant growing in glycerol minimal medium at 40 C. Samples of the culture were removed at hourly intervals to measure OD and the radioactivity of the medium (Fig. 6) (17, 23, 24) .
Hereditary galactosemia in humans appears to have the same biochemical basis (21) . Honeybees have an active hexokinase but no phosphomannose isomerase, and feeding mannose to them results in the accumulation of mannose-6-phosphate and death (22) . Feeding L-arabinose to E. coli mutants lacking L-ribulose-5-phosphate-4-epimerase inhibits their growth, and ribulose-5-phosphate accumulates (8) . Similarly, glycerol is toxic to mutants of E. coli that lack a-glycerophosphate dehydrogenase. These cells accumulate large quantities of a-glycerophosphate during the inhibition (5, 13) . In most of these cases, unlike our aldolase mutant, the addition of glucose tends to relieve the inhibition caused by the incompletely catabolized substrate.
It is interesting that mutant h8 can grow reasonably well on succinate or glycerol at 40 C. Biosynthesis of pentoses during growth on these compounds should require the action of aldolase. Two explanations may be suggested. First, there may be an as yet undiscovered alternate route to pentose from the three-carbon level, perhaps even a "biosynthetic" fructose-i,6-diphosphate aldolase that functions well in the direction of hexose (and pentose) synthesis. Second, it is possible that the aldolase of mutant h8 is damaged in such a way that, aside from being fully functional in situ at 30 C, it is perhaps 10% functional at 40 C, permitting some hexose and pentose synthesis from glycerol or succinate. In the presence of glucose, however, fructose-i ,6-diphosphate accumulation might then intensify the lesion by inactivating the residual aldolase activity.
One further point deserves comment. The inactivation of aldolase does not appear to stimulate h8 cells to expand any alternate routes of hexose catabolism. For example, if E. coli, like S. typhimurium, possesses an inducible Entner-Doudoroff pathway that would effectively bypass the aldolase step, one would expect this pathway to function in mutant h8, particularly during growth on gluconate (10) . Nevertheless, mutant h8 cannot grow on gluconate at 40 C, and its growth on glycerol at 40 C is totally inhibited by gluconate. At 
